Objectives To investigate possible associations between breast compression parameters, including compression force, pressure and compressed breast thickness, and mammographic density assessed by an automated software. Methods We obtained data on breast compression parameters, breast volume, absolute and percentage dense volume, and body mass index for 14,698 women screened with two-view (craniocaudal, CC, and mediolateral oblique, MLO) digital mammography, in the Norwegian Breast Cancer Screening Programme, 2014-2015. The Spearman correlation coefficient (ρ) was used to measure correlation between breast compression parameters, breast volume and absolute and percentage dense volume. Linear regression was used to examine associations between breast compression parameters and absolute and percentage dense volume, adjusting for breast volume, age and BMI. Results A fair negative correlation was observed between compression pressure and absolute dense volume (ρ = − 0.37 for CC and ρ = − 0.34 for MLO). A moderate negative correlation was identified for compressed breast thickness and percentage dense volume (ρ = − 0.56 for CC and ρ = − 0.62 for MLO). These correlations were corroborated by the corresponding associations obtained in the adjusted regression analyses. Conclusions Results from this study indicate that breast compression parameters may influence absolute and percentage dense volume measured by the automated software. Key points • A fair correlation was identified between compression pressure and absolute dense volume • A moderate correlation was identified between compressed breast thickness and percentage dense volume • Breast compression may influence automated density estimates
Introduction
Mammographic density reflects the amount of fibroglandular tissue in the breast and can be presented as a percentage or absolute measure [1] . Percentage density refers to the proportion of fibroglandular tissue relative to the total area or volume of the whole breast, while absolute density refers to the absolute area or volume of fibroglandular tissue. High mammographic density is a risk factor for breast cancer [2] , and malignant tumours are less visible in dense breasts as a result of masking [3] . Mammographic density therefore affects the performance of screening programmes [4] [5] [6] . Stratified breast cancer screening based on mammographic density has been suggested as a means to increase the sensitivity of screening [7] . As a result of inter-and intraobserver variability in visual assessments, automated density measurement is more relevant for the potential stratification of screening [8] [9] [10] [11] [12] [13] . However, it has been hypothesised that automated mammographic density assessments may vary depending on a woman's breast volume and the compression applied during mammography [14] [15] [16] , since compression influences the partial outflow of the blood from the compressed breast and might thus change mammographic appearance [17] .
Reported breast compression parameters often include compression force (newton, N), compression pressure (kilopascal, kPa) and compressed breast thickness (mm). Compression force is applied during mammography when the breast is placed between the detector and x-ray machine paddle [18, 19] . The application of force immobilises the breast and reduces breast thickness, which limits radiation scatter, thereby improving image quality and decreasing the overall radiation dose delivered to glandular tissue [18] . Compression pressure reflects the applied force distribution over the breast [20, 21] , while compressed breast thickness refers to the thickness (i.e. height) of the compressed breast between the detector and paddle.
The amount of compression force used in mammography is determined by the radiographer and has been reported to be associated with individual preferences [22, 23] . Breast compression parameters may differ, not only between women but also within a four-view mammography examination [20, 24] . Compression pressure and compressed breast thickness have been shown to be associated with compression force, a woman's pain threshold and breast characteristics, including breast volume and volume of dense and fatty tissue [25] . Moreover, simulation and phantom studies have shown that automated density assessment is dependent on breast compression [15, 26, 27] . However, these results require verification from large population-based studies in order to consider using density information for stratified screening.
An automated method for estimating volumetric breast density has been installed at four screening units within the Norwegian Breast Cancer Screening Programme [28] . To ensure that breast density estimates provided by the automated software are reproducible and could be used for future stratified screening, we conducted a study to investigate the associations between breast compression parameters (compression force, pressure and compressed breast thickness) and mammographic density, presented as absolute and percentage dense volume.
Materials and methods

Study design and ethical considerations
This descriptive retrospective study was performed at the Cancer Registry of Norway using data from women screened in the counties of Rogaland and Hordaland within the Norwegian Breast Cancer Screening Programme, during 2014-2015. A file with de-identified data extracted from the Cancer Registry database was used for all analyses included in this study. This study was approved by the regional committee for medical and health research ethics (2016/938).
The Norwegian Breast Cancer Screening Programme
The screening programme is administered by the Cancer Registry of Norway and run according to European guidelines [18] . As of 2016, about 600,000 women aged 50-69 are invited biennially to undergo two-view, craniocaudal (CC) and mediolateral oblique (MLO), mammography. The average participation rate is 75% for each invitation [29] . The programme performs independent double reading with consensus. Radiographers within the programme use a standard protocol for breast positioning [30] . All women invited to screening between 2006 and 2015 received a two-page questionnaire with their invitation(s) to screening by mail. This questionnaire asked about selected breast cancer risk factors, including weight and height. The response rate was 70%. Information pertaining to invitations, screening examinations and any follow-up and diagnosis, including data from the questionnaire, is registered and stored at the Cancer Registry of Norway.
Study sample
Information on breast compression parameters was available for 20,549 women screened with full field digital mammography (GE Senographe Essential), n = 82,081 images. This mammography system uses indirect conversion (x-ray to light) using amorphous silicon flat panels coupled with a caesium iodide scintillator [31] . Identical specifications for a plane breast support and the same model of tilting compression paddle were used in both locations.
We excluded all women who did not have exactly four images (left CC, left MLO, right CC and right MLO) acquired at a single examination (n = 451 women and n = 1689 images), as this might be associated with unsatisfactory positioning. We additionally excluded women without data about weight or height (n = 5360 women) and whose height was outside of the range 140-200 cm, and weight was lower than 40 kg and higher than 150 kg (n = 40 women). The study thus used information from 58,792 images of 14,698 women.
Measurement of study parameters
Values for compression force and compressed breast thickness were obtained from the Digital Imaging and Communications in Medicine (DICOM) header for each image. The average value for each woman was obtained by calculating the mean for all four images. An automated volumetric density measurement software (Volpara™, version 1.5.0) was used to estimate compression pressure, defined as compression force divided by the breast area in contact with the paddle, absolute dense volume (cm 3 ), breast volume (cm 3 ) and percentage dense volume (%) for each image and for each woman screened [14] . This software is based on the algorithm of the standard mammogram form, which identifies the breast area, removing the pectoral muscle in the MLO projection [32] . The software determines an area of the breast that corresponds to entirely fatty tissue and uses that as a reference level (P Fat ) to find the thickness of dense tissue (h d ) at each pixel (x, y), as shown in Eq. 1, where it is assumed that the pixel value (P) is linearly related to the energy imparted to the x-ray detector h d [14, 33] . Therefore, solely raw, non-processed, images can be used by the software [34] . In the equation, the denominator includes the effective x-ray linear attenuation coefficients for fat and dense tissue at the particular target, filter, tube voltage and recorded breast thickness combination [14] . The absolute dense volume (cm 3 ) is found by integration of the thicknesses of dense tissue at each pixel over the image [14] . The breast volume (cm 3 ) is determined by multiplying the area of the breast by the recorded breast thickness. Finally, the percentage dense volume (%) is the ratio of the absolute dense volume and the breast volume [14] . The software provided a score of Volpara density grade (VDG) based on percentage dense volume, which imitated the BI-RADS (Breast Imaging-Reporting and Data System) classification of mammographic density. The categories of VDG corresponded to the following ranges of percentage dense volume: VDG-1, less than 4.5%; VDG-2, 4.5-7.49%; VDG-3, 7.5-15.49%; and VDG-4, at least 15.5% [26] . Body mass index (BMI, kg/m 2 ) was calculated for each woman as weight divided by squared height based on the data on weight and height obtained from the questionnaire. This BMI value was also used on a per image basis.
Statistical analysis
Means, standard deviations (SD), medians and ranges of compression force and pressure, compressed breast thickness, breast volume and absolute and percentage dense volume were calculated for CC and MLO images separately, and also using the average values for all four images per woman. All other analyses were performed for CC and MLO separately. To identify possible differences in breast compression parameters according to percentage dense volume, we stratified mean and median values of breast compression parameters by VDG. We used t tests to compare mean values between CC and MLO images and to test for trend to identify trends of breast compression parameters and breast volume by VDG. We determined the correlation between compression force, pressure, compressed breast thickness, breast volume and BMI using the Spearman correlation coefficient (ρ). Correlations between breast compression parameters and absolute and percentage dense volume were also calculated using ρ. The strength of correlations was interpreted using the following classification: from 0 to ± 0.24, weak correlation; from ± 0.25 to ± 0.49, fair correlation; from ± 0.50 to ± 0.74, moderate correlation; and at least ± 0.75, strong correlation [35] . Scatterplots with locally weighted smoothing were used to display relationships between these parameters. Absolute and percentage dense volumes were lognormally distributed. We used linear regression to model the association between compression force, pressure and compressed breast thickness with natural log-transformed absolute and percentage dense volume, adjusting for breast volume, age and BMI. In order to examine whether the associations between breast compression parameters and percentage and absolute dense volume varied with breast volume, we performed stratified analyses for four groups of breast volume (quartiles for each mammographic projection). Because of concern that the associations between breast compression parameters and percentage and absolute dense volume could be modified by BMI, we additionally performed linear regression analyses stratified by BMI (less than 20; 20-24.9; 25-29.9 and at least 30 kg/m 2 ).
All variables included in regression analyses were standardised. The regression coefficients of standardised variables represented the change in the number of SDs of the outcome variable (absolute and percentage dense volume) on the transformed scale associated with one change in SD in the breast compression parameters.
Results were presented for CC and MLO projections of the left breast. Results for both left and right breasts are available in the Electronic Supplementary Material.
All analyses were conducted using STATA® 14.0 (StataCorp, Texas, USA).
Results
Descriptive statistics
Among the 14,698 screened women, the mean age was 53.5 (SD 5.6) years (Table 1 ). The mean BMI was 25.6 (SD 4.2) kg/m 2 . When stratified by mammographic projections, means compression force, compressed breast thickness, breast volume and absolute dense volume were lower for CC compared to MLO mammograms, while means compression pressure and percentage dense volume were higher (p < 0.001 for all) ( Table 2 ).
Breast compression parameters and breast volume by VDG
Compression force decreased while compression pressure increased with increasing VDG (p for trend < 0.001 for both) ( Table 3) . Compressed breast thickness and breast volume decreased with increasing VDG (p for trend < 0.001 for both).
Breast compression parameters, breast volume and BMI
Compression force and pressure were weakly negatively correlated for CC and weakly positively correlated for MLO (p < 0.001 for both) (Fig. 1) . Compression force was positively correlated with compressed breast thickness, breast volume and BMI (p < 0.001 for all). However, compression pressure was negatively correlated with compressed breast thickness, breast volume and BMI (p < 0.001 for all). Compressed breast thickness was positively correlated with breast volume and BMI (p < 0.001 for all). Breast volume was positively correlated with BMI (p < 0.001). The correlations were relatively weak (ρ < 0.50), except for those between compression pressure and breast volume, compression pressure and BMI, compressed breast thickness and breast volume, compressed breast thickness and BMI, and breast volume and BMI (p < 0.001 for all).
Breast compression parameters and absolute and percentage dense volume
Compression force, compressed breast thickness and absolute dense volume were positively correlated, while compression pressure and absolute dense volume were negatively correlated (p < 0.001 for all) (Fig. 2) . Additionally, while compression force, compressed breast thickness and percentage dense volume were negatively correlated, compression pressure and percentage dense volume were positively correlated (p < 0.001 for all). The strongest correlation was observed between compressed breast thickness and percentage dense volume (ρ = − 0.56 for CC and ρ = − 0.62 for MLO, p < 0.001).
After adjustment for breast volume, age and BMI, compression pressure demonstrated the strongest association (particularly for MLO) with absolute dense volume, and compressed breast thickness demonstrated the strongest association with percentage dense volume ( Table 4) . We did not observe any changes in the associations between breast compression parameters and percentage and absolute dense volume stratified by breast volume (quartiles). Further, results did not differ across BMI groups in stratified models. Tests of heterogeneity to determine whether the associations between breast compression parameters and absolute and percentage dense volume differed between BMI groups did not reach statistical significance. 
Discussion
We identified associations between breast compression parameters and absolute and percentage dense volume among 14,698 women aged 50-69, who were screened with GE equipment in the Norwegian Breast Cancer Screening Programme between 2014 and 2015. A fair negative correlation was observed between compression pressure and absolute dense volume, while a moderate negative correlation was identified between compressed breast thickness and percentage dense volume. These correlations were corroborated in linear regression analyses.
Descriptive statistics
The differences in breast compression parameters for CC and MLO images might be related to variability in the volume of the compressed breast. MLO images include a substantially larger part of the pectoral muscle than CC images do. While the pectoral muscle is not used in the estimation of either absolute or percentage dense volume of MLO images [32] , it nonetheless affects breast compression by increasing breast thickness. This results in higher compression force, compressed breast thickness and breast volume [36, 37] .
Breast compression parameters and breast volume by VDG
Stratified analyses of breast compression parameters and breast volume by VDG showed that compression force, compressed breast thickness and breast volume decreased, while compression pressure increased with increasing VDG. This is an expected finding as VDG categories are directly associated with percentage dense volume, which was observed to be SD standard deviation a P for trend < 0.001 negatively correlated with breast volume in this study. Moreover, radiographers tend to apply higher forces to larger breasts [22, 38] , and percentage dense volume (and therefore VDG category) is, on average, lower for women with large versus small breasts [39] . Compression pressure was highly negatively correlated with breast volume and weakly correlated with compression force, which might suggest that women with small breasts receive higher pressure than women with large breasts (the force can be moderate, but because the contact area is small, the pressure will be high).
Breast compression parameters, breast volume and BMI
Correlations between compression force and pressure, compressed breast thickness and breast volume reflected individual variation within the screened population and variations in the applied compression force. The correlation between compression force and pressure was minimal for both CC and MLO images, suggesting that compression pressure is more dependent on breast characteristics (breast volume, amount of dense tissue and breast stiffness) than on the force applied by the radiographers. This is corroborated by negative correlations between compression pressure and compressed breast thickness, and between compression pressure and breast volume. The correlation between compressed breast thickness and breast volume is expected to be strong and positive as women with high breast volume tend to have high compressed breast thickness. Correlations between breast compression parameters and BMI may be determined by the positive correlation between breast volume and BMI.
Breast compression parameters and absolute and percentage dense volume
Breast characteristics, specifically breast volume, likely influence the relationships between compression parameters and absolute and percentage dense volume. We observed a positive correlation between breast volume and absolute dense volume, and a negative correlation between breast volume and percentage dense volume. Since women with large breasts (high breast volume) tend to have higher absolute dense area and lower percentage density [39] , and on average receive higher compression force [22] , compared to women with small breasts (low breast volume), the finding that compression force was positively correlated with absolute dense volume and negatively correlated with percentage dense volume is logical. A similar explanation might be found with respect to correlations between compression pressure and absolute and percentage dense volume. It should be noted that women with high breast volume generally have a larger compressed breast area. If the same compression force is applied to small and large breasts, the compression pressure will be lower for those with large breasts. In a study investigating the association between breast stiffness, computed as a ratio of compression force and deformation of the breast due to compression, and the risk of breast cancer, it has been shown that dense volume, percentage dense volume and breast tissue stiffness were positively associated with the risk of breast cancer [40] . This might indicate that low compressibility of the breast, corresponding to a high level of compression pressure, is associated with high percentage dense volume.
The correlation between compressed breast thickness and absolute and percentage dense volume might also be linked to breast volume, as large breasts tend to have higher compressed breast thickness compared with small breasts. Therefore, a positive correlation was observed between compressed breast thickness and absolute dense volume, and a negative correlation was observed between compressed breast thickness and percentage dense volume.
R-squared values from the regression analyses indicated that breast compression parameters explained a very low proportion of variance in absolute or percentage dense volume. It is likely that individual variation in breast characteristics plays a larger role in the association between breast compression parameters and absolute and percentage dense volume.
Comparison with other studies
The positive correlations observed between compression force, compressed breast thickness and absolute dense volume are in line with previous studies [41] [42] [43] . The results of this study further support the observation of negative correlations between compression force and percentage mammographic density, and between compressed breast thickness and percentage density, reported in other studies using semiautomated and fully automated methods of density assessment [41, 43] .
As far as we are aware, changes in absolute or percentage dense volume observed within one woman, one breast or one mammographic projection due to the application of different compression forces have not previously been reported. However, the influence of change in compressed breast thickness on the estimates of percentage dense volume has been reported in one phantom study and in two studies investigating simulated errors in compressed breast thickness [15, 26, 27 ]. All three studies tested the same software used in this study. In the phantom study, it was observed that application of compression force and reducing the phantom's thickness Fig. 1 Relationship between compression force, compression pressure, compressed breast thickness, breast volume and body mass index for left craniocaudal (CC, upper panels) and mediolateral oblique (MLO) mammograms (lower panels). Each point corresponds to one compression (n = 14,698 for CC and n = 14,698 for MLO). The line corresponds to the locally weighted scatterplot smoothing. The Spearman correlation coefficient (ρ) is shown for each relationship (p < 0.001 for all) could cause a reduction or increase in percentage dense volume [26] , suggesting that radiographers influence percentage dense volume by their choice of compression force. Further, the simulation study found that categorical density values (VDG) and percentage dense volume could differ for the same woman with 15% error in compressed breast thickness [15] . Another simulation study reported that statistically significant effects on percentage dense volume were observed when compressed breast thickness varied as a result of ± 10% error [27] . We demonstrated a moderate correlation between breast thickness and percentage dense volume. On the basis of the outcomes of the simulation studies [15, 26, 27] , our findings might suggest that compressed breast thickness has an impact on density estimates obtained from the automated software used in this study.
Implications for population-based breast cancer screening
Automated volumetric assessment of mammographic density is expected to be more precise and reliable, and less time consuming than visual assessment, which may make it suitable for stratified screening based on density [11, 12, 44, 45] . However, results of this study suggest that the accuracy of volumetric density assessments is affected by breast compression parameters, which possibly confounds the association between mammographic density and breast cancer risk, since compression force and pressure are reported to influence breast cancer detection in a population-based screening programme [46] . Further studies investigating the relationship between breast compression parameters and automated density estimates, risk and detection of breast cancer, and early performance measures are needed before stratified screening based on volumetric assessment of mammographic density can be considered for population-based screening.
As higher compression pressure could be a result of higher breast stiffness, compression pressure may be considered an indicator of suspicion of breast malignancy. Compression pressure of 13.1 kPa or higher was associated with almost twofold higher odds of an interval cancer in a recent study from Norway [46] . Coupled with our findings on the association between compression pressure and percentage dense volume, this might indicate that a combination of high percentage dense volume and compression pressure of at least 13.1 kPa could be related to an unfavourable screening outcome.
General considerations and study limitations
Our study includes a large sample of mammograms from a population-based screening programme. As far as we know, this is the first study to examine the association between compression pressure and absolute and percentage dense volume.
One of the limitations of our study is the lack of information about individual radiographers, who could have influenced the compression force used in screening [22, 23] . Substantial variation in compression force between and within Norwegian breast centres has been reported, despite the existence of a standard protocol [47] . We therefore assume that site-specific compression force may play a role in the strength of the correlation observed between force and density parameters. However, the sites used for this study have shown very high compliance with the standards on conducting mammography and provided high-quality data.
Women's experience of pain and breast tenderness during the examination might affect breast compression [25, 48] . These issues have not been investigated in the screening programme in Norway. Furthermore, we were not able to obtain any information regarding the capacity and angles of the tilting paddle for breast compression. Tilting paddles have been shown to affect compression force and compressed breast thickness, which could have resulted in inaccuracies in density estimation [49, 50] .
In conclusion, this study identified a fair correlation between compression pressure and absolute dense volume and a moderate correlation between compressed breast thickness and percentage dense volume. This study depicted variations of breast density measured by the automated software among women screened in a population-based screening programme. The results indicate that breast compression parameters may influence mammographic density estimates obtained from the automated software. Further investigation is needed to fully understand this issue.
